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Abstract Superluminous supernovae are a new class of supernovae that
were recognized about a decade ago. Both observational and theoretical
progress has been significant in the last decade. In this review, we first
briefly summarize the observational properties of superluminous super-
novae. We then introduce the three major suggested luminosity sources
to explain the huge luminosities of superluminous supernovae, i.e., the nu-
clear decay of 56Ni, the interaction between supernova ejecta and dense
circumstellar media, and the spin down of magnetars. We compare these
models and discuss their strengths and weaknesses.
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1 Introduction
Superluminous supernovae (SLSNe) are supernovae (SNe) that become
more luminous than ∼ −21 mag in optical. They are more than 1 mag
more luminous than broad-line Type Ic SNe, or the so-called “hypernovae,”
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2which have kinetic energy of more than ∼ 1052 erg and are the most lumi-
nous among the classical core-collapse SNe. The first glimpse of their exis-
tence was in SN 1999as (Knop et al 1999). Other SLSNe, such as SCP06F6
(Barbary et al 2009), were subsequently discovered. However, their nature
was not clarified until SLSNe started to be discovered regularly with un-
biased transient surveys such as that conducted by the ROTSE-IIIb tele-
scope (Quimby 2006). Nowadays, SLSNe are discovered even at redshifts
around 2 and beyond (Cooke et al 2012, Pan et al 2017, Smith et al 2018,
Moriya et al 2018, Curtin et al 2018), and they are becoming an important
probe of, e.g., massive star formation in the high-redshift universe. They
may be eventually applicable to cosmology like Type Ia SNe (Quimby et al
2013, Inserra and Smartt 2014, Inserra et al 2018a, Scovacricchi et al 2016,
Wei et al 2015). They can also be a back light source to study interstellar
media (Berger et al 2012).
This review mainly focuses on theoretical aspects of the energy sources
of SLSNe. Three energy sources are mainly suggested to account for the
huge luminosities of SLSNe, i.e., 56Ni decay (Section 3), interaction between
ejecta and dense circumstellar media (CSM, Section 4), and magnetar spin-
down (Section 5). We start this review with a brief summary of the observa-
tional properties in Section 2 and then discuss the theoretical aspects of the
power sources. We compare three models in Section 6. For a review of ob-
servational aspects of SLSNe, see, e.g., Gal-Yam (2012) and Howell (2017).
Observational data on SLSNe are now available at https://slsn.info/,
which is maintained by T.-W. Chen.
2 Observational properties
Broadly speaking, SLSNe can be classified in two different spectral types;
those with narrow hydrogen emission lines (Type IIn, e.g., Smith et al 2010)
and those without (e.g., Quimby et al 2011). Most of SLSNe without the
narrow hydrogen emission lines are classified as Type Ic and we simply call
them SLSNe Ic. However, some SLSNe show broad hydrogen lines (e.g.,
Inserra et al 2018b) and there exist some SLSNe that are initially Type Ic
but start to show hydrogen emissions about 1 year after the luminosity peak
(Yan et al 2015, 2017a). We introduce Type IIn SLSNe in Section 2.1 and
then the other SLSNe in Section 2.2. We discuss the event rates of SLSNe
in Section 2.3 and their environment in Section 2.4.
2.1 Type IIn SLSNe
SLSNe IIn are characterized by narrow emission lines (Fig. 1). Narrow hy-
drogen emission lines are particularly strong. The spectral characteristics
of SLSNe IIn are similar to those of less luminous SNe IIn. Therefore, they
are believed to be extreme cases of SNe IIn where their luminosities are
mainly powered by the interaction between ejecta and dense CSM (Sec-
tion 4). SN 2006gy is the closest and the best observed SN in this class
3(e.g., Ofek et al 2007, Smith et al 2007, 2008b, 2010, Kawabata et al 2009,
Agnoletto et al 2009, Miller et al 2010).
Although the light curves (LCs) of SLSNe IIn share the characteristics
that they become extremely luminous, their LC shapes are diverse (Fig. 1).
SN 2008fz (Drake et al 2010) and SN 2006gy (Smith et al 2007) have broad
round LCs lasting for more than 100 days while SN 2003ma (Rest et al
2011) has a short round phase followed by a long phase of constant lumi-
nosity. The LCs of less luminous Type IIn SNe like SN 2006tf (Smith et al
2008a) and SN 2010jl (Zhang et al 2012, Fransson et al 2014) often decline
with a power law. These diversities are likely to originate from the diver-
sity in the CSM related to the diversity in the mass loss processes of the
progenitors.
It is not yet clear if SLSNe IIn are just the most luminous end of a SN IIn
luminosity function or SLSNe IIn make a separate population of their own
(e.g., Richardson et al 2014). There exist several SNe IIn whose peak lumi-
nosity is between ∼ −20 mag and ∼ −21 mag. These luminous populations
can be observed more easily but there do not exist many SNe IIn with which
we can make a volume-limited sample because of their small event rate.
The most luminous SLSN IIn reported so far is CSS100217:102913+404220
reaching −23 mag in the optical at the LC peak (Drake et al 2011, see also
Kankare et al 2017). Although CSS100217:102913+404220 and other simi-
lar objects are suggested to originate from stellar explosions, they appear
at the centers of galaxies with active galactic nuclei and their stellar ex-
plosion origin is doubted (e.g., Blanchard et al 2017, Moriya et al 2017b).
The most luminous published SLSN IIn without a clear association with an
active galactic nucleus is SN 2008fz (Drake et al 2010).
2.2 Type Ic SLSNe
SLSNe Ic, which are often simply called SLSNe I, are SLSNe without
hydrogen spectral features around the time of the luminosity peak (e.g.,
Quimby et al 2011). Fig. 2 shows LCs and spectra of SLSNe Ic. The peak
optical magnitudes of SLSNe Ic are typically between ∼ −21 mag and
−22 mag (e.g., Nicholl et al 2015a, De Cia et al 2017, Lunnan et al 2018).
The distribution of their peak bolometric magnitudes derived from optical
LCs peaks at −20.7 mag with a small dispersion of 0.5 mag (Nicholl et al
2015a). The luminosity function of Type Ibc SNe peaks at around −18 mag
with a dispersion of more than 0.5 mag (Drout et al 2011, Taddia et al
2015, Lyman et al 2016). Therefore, there may exist a gap in the hydrogen-
poor SN luminosity function between ∼ −20 mag and ∼ −21 mag, where
a small number of Type Ic BL supernovae and some gap transients exist
(Arcavi et al 2016, Roy et al 2016). The rise times of SLSNe Ic have a diver-
sity, ranging from ≃ 20 days (PTF11rks, Inserra et al 2013) to more than
125 days (PS1-14bj, Lunnan et al 2016). However, their LC decline rates
may have two distinct classes: rapidly-declining ones and slowly-declining
ones (e.g., Nicholl et al 2015a). The LC decline rates of slowly-declining
SLSNe Ic are often consistent with the nuclear decay rate of 56Co (e.g.,
Gal-Yam et al 2009, Inserra et al 2017) and they are sometimes referred as
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Fig. 1 Top: LC diversities in Type IIn SLSNe. The SN names and observed
bands are indicated in the figure. The data sources are: Drake et al (2010)
(SN 2008fz), Smith et al (2007) (SN 2006gy), Rest et al (2011) (SN 2003ma),
Smith et al (2008a) (SN 2006tf), and Zhang et al (2012) (SN 2010jl). Bottom: Spec-
troscopic evolution of SLSN IIn 2006gy (e.g., Smith et al 2010, Kawabata et al
2009). The dates are relative to the luminosity peak in the R band in the rest
frame.
5SLSN R, with “R” for radioactive decay (Gal-Yam 2012). However, whether
they are powered by nuclear decay or not cannot be judged solely based on
the LCs (e.g., Moriya et al 2017a). The slowly-declining SLSNe Ic may tend
to be intrinsically more luminous than rapidly-declining SLSNe Ic, which
may enable us to use SLSNe Ic as a distance indicator like Type Ia SNe
(Inserra and Smartt 2014, but see also Quimby et al 2013).
The LCs of SLSNe Ic have a distinguishing feature at the very beginning.
They often show a precursor before the main luminosity increase (e.g.,
Nicholl et al 2015b, Smith et al 2016, Vreeswijk et al 2017). The possible
existence of the precursor was first found in SN 2006oz (Leloudas et al
2012) and it was systematically studied by Nicholl and Smartt (2016). The
precursor lasts for about 5−10 days and its magnitude is around −20 mag.
Its blackbody temperature is around 30,000 K (Nicholl and Smartt 2016).
The precursor is followed by a fading lasting for about 5 days and the
luminosity is about 1 mag fainter than the precursor luminosity in this
period. Then, the LC starts to rise again to be a SLSN.
LC behaviors of slowly-declining SLSNe Ic during the fading phase after
the LC peak have been intensively studied by Inserra et al (2017). The LCs
show fluctuations that may originate from the interaction with the CSM.
The LC decline rates are consistent with that of the 56Co decay at first,
but tend to decline faster after a few hundred days after the LC peak.
The early-time spectra of SLSNe Ic at around the luminosity peak are
characterized by a series of broad carbon and oxygen features (Quimby et al
2011, 2018, Chomiuk et al 2011, Howell et al 2013, Nicholl et al 2014, 2016b,
Yan et al 2017c,b, Liu et al 2017b). The blackbody temperature is around
15,000 K at these epochs, but non-thermal excitations play essential roles
in forming the spectral features (e.g., Mazzali et al 2016). Photospheric ve-
locities measured by using Fe II λ5169 are typically around 12, 000 km s−1
and they do not evolve fast (e.g., Nicholl et al 2015a). It is suggested that
the existence of helium is required for the line formation (Mazzali et al
2016) and a helium line may have been observed in SN 2012il (Inserra et al
2013). At later phases, the spectra often start to be similar to those of
broad-line Type Ic SNe (Pastorello et al 2010, Nicholl et al 2016a). In ad-
dition, there are several SLSNe Ic that do not show hydrogen features near
the LC peak but hydrogen emission lines start to appear about 1 year after
the LC peak (Yan et al 2015, 2017a). The late-phase hydrogen emissions
have been suggested to originate from a detached hydrogen-rich circumstel-
lar shell (Yan et al 2015, 2017a) or matter stripped from the progenitor’s
hydrogen-rich companion star (Moriya et al 2015).
There are a few SLSNe in which broad hydrogen features are observed
(Gezari et al 2009, Miller et al 2009, Inserra et al 2018b). They usually do
not show narrow features in spectra like SLSNe IIn at early times. There-
fore, their powering source may be related to SLSNe Ic. However, their spec-
tra start to show possible signatures of the interaction in the late phase and
some luminosity contributions from the interaction may exist after around
1 year since the LC peak. The SLSN CSS121015:004244+132827 showed
both broad and narrow hydrogen features from early times (Benetti et al
2014).
6Polarization of SLSNe Ic was measured in three objects: LSQ14mo,
SN 2015bn, and SN 2017egm. The first attempt was made for LSQ14mo.
Leloudas et al (2015a) measured photometric polarization in the V band for
5 epochs and they did not detect clear polarization signatures. SN 2015bn
appeared closer and both imaging and spectroscopic polarizations were
measured for several epochs (Leloudas et al 2017, Inserra et al 2016). As-
pherical shapes may be required to explain the polarization features. SN 2017egm
is the closest SLSN Ic and a spectropolarimetry observation was reported
(Bose et al 2018). Polarization of about 0.5% without a strong dependence
on wavelength is observed, indicating a modest departure from spherical
symmetry. More observations are needed to obtain a systematic view of the
asphericity in SLSNe Ic. Polarization of one SLSN II with broad hydrogen
features is observed but a meaningful constraint on its shape could not be
made (Inserra et al 2018b).
SLSNe Ic are also actively observed in X-rays. SCP06F6 is the first
SLSN Ic with a possible detection of X-rays (Ga¨nsicke et al 2009, Levan et al
2013). It was detected in X-rays (0.1−2 keV) by the XMM-Newton satellite.
The X-ray luminosity reached ∼ 1045 erg s−1 in one epoch and then it was
not detected any more. Another case is PTF12dam (Margutti et al 2017). It
was detected by Chandra at 0.5−2 keV in a similar epoch to SCP06F6 but
its luminosity is ∼ 1040 erg s−1 and is 5 orders of magnitude below that of
SCP06F6. The X-ray luminosity at the location of PTF12dam is consistent
with that expected from the underlying star-formation activities at the SN
location and the X-rays may not originate from PTF12dam itself. X-ray ob-
servations in many other SLSNe Ic have been performed but SCP06F6 and
PTF12dam are the only cases with X-ray detections (Margutti et al 2017).
No radio emission is observed in SLSNe so far (Coppejans et al 2017).
Gamma-ray bursts (GRBs) are often associated with Type Ic-BL SNe.
It is interesting to note that SLSNe Ic have spectra similar to SNe Ic-BL
at late phases (e.g., Pastorello et al 2010, Nicholl et al 2016a). In addition,
SN 2011kl, which was associated with an ultra-long GRB111209A, had a
LC peak at −20 mag and it was much more luminous than SNe usually
associated with GRBs (Greiner et al 2015). Although SN 2011kl was not as
luminous as SLSNe and its spectroscopic features, which are overall feature-
less, do not appear to be similar to SLSNe Ic, some GRBs may be related
to SLSNe. Yu and Li (2017) speculate that LC modulations in SN 2015bn
may be related to flare activity of GRBs. Similarities in GRBs and SLSNe
are also suggested in their host environment which will be discussed in a
following section.
The most luminous SLSN Ic reported so far is ASASSN-15lh, which
reached about −23.5 mag (Dong et al 2016). However, it appeared at the
center of the host galaxy and its origin is questioned (Leloudas et al 2016).
Its host galaxy is massive and metal-rich and, therefore, is peculiar if it is
actually a SLSN Ic (e.g., Leloudas et al 2016). Except for ASASSN-15lh, the
most luminous SLSNe Ic reach−22.5 ∼ −23 mag in optical (e.g., PTF13ajg,
Vreeswijk et al 2014).
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Fig. 2 Top: LC diversities in Type Ic SLSNe. The SN names and ob-
served bands are indicated in the figure. The data sources are: Nicholl et al
(2016b) (SN 2015bn), Nicholl et al (2015b) (LSQ14bdq), Pastorello et al (2010)
(SN 2010gx), Gal-Yam et al (2009) (SN 2007bi), Lunnan et al (2016) (PS1-14bj),
Inserra et al (2013) (PTF11rks), and Vreeswijk et al (2014) (iPTF13ajg). Bottom:
Spectroscopic evolution of SLSN Ic 2015bn (Nicholl et al 2016b,a). The dates are
relative to the optical luminosity peak in the rest frame.
82.3 Event rates
Quimby et al (2013) calculate the rates of SLSNe at z ∼ 0.2. They find
a total SLSN rate of 199+137
−86 Gpc
−3 yr−1h371, where h71 is the Hubble
constant scaled with 71 km s−1 Mpc−1. They estimate a SLSN II rate
of 151+151
−82 Gpc
−3 yr−1h371. Their SLSN II sample consists of SLSNe IIn,
with the exception of SN 2008es. The rate of SLSNe Ic is estimated to
be 32+77
−26 Gpc
−3 yr−1h371. Because the core-collapse SN rate at z ∼ 0.2 is
∼ 105 Gpc−3 yr−1 (Madau and Dickinson 2014), the fraction of SLSNe to
core-collapse SNe are estimated to be ∼ 10−3. The total SLSN rate is simi-
lar to the long GRB rate (e.g., Soderberg et al 2006) and the SLSN Ic rate
may be about 10% of the long GRB rate.
There are two works deriving the SLSN Ic rate at z ∼ 1. The first work
is by McCrum et al (2015) who use a SN sample from the Pan-STARRS
survey to derive a relative fraction of SLSNe Ic to core-collapse SNe. They
found only ∼ 10−5 of core-collapse SNe are SLSNe Ic at z ∼ 1, which is
roughly a factor of 10 smaller than the rate at z ∼ 0.2. The subsequent
work by Prajs et al (2017) measured the SLSN Ic rate at z ∼ 1 based on
the SLSN Ic samples from the Supernova Legacy Survey. The survey has
two spectroscopically confirmed SLSNe Ic at z = 1.50 and 1.59 and one
additional SLSN Ic candidate at z = 0.76 which is found by fitting the LCs
found in the survey. The three SLSNe Ic in the survey give a SLSN Ic rate
of 91+76
−36 Gpc
−3 yr−1h370 at z ∼ 1. This rate is equivalent to ∼ 10
−4 of the
core-collapse rate at z ∼ 1 and an order of magnitude higher than that
estimated by McCrum et al (2015).
Cooke et al (2012) reported two SLSNe at z = 2.05 and z = 3.90. Al-
though their spectral types are not clear, the detection of two SLSNe in their
survey very roughly corresponds to the SLSN rate of ∼ 400 Gpc−3 yr−1h370
at z = 2 − 4. The increase in the SLSN rate is still consistent with that
expected from the increase in the cosmic star-formation rate and it is still
not clear if the intrinsic SLSN frequency increases at high redshifts (see also
a recent estimate by Moriya et al 2018).
2.4 Environments
The host environments of SLSNe have been studied extensively. SLSNe IIn
are known to come from a broad range of metallicities (Neill et al 2011,
Perley et al 2016, Schulze et al 2018, Angus et al 2016), while SLSNe Ic
only come from metal-poor environments (e.g., Schulze et al 2018, Chen et al
2017c, 2015, 2013, Leloudas et al 2015b, Perley et al 2016, Vreeswijk et al
2014, Lunnan et al 2016). There is likely a suppression of SLSNe Ic above
around the half-solar metallicity environment (Perley et al 2016, Chen et al
2017c, Schulze et al 2018). SLSNe Ic also tend to come from star-bursting
galaxies with high specific star-formation rates (e.g., Schulze et al 2018).
This tendency can be explained if their progenitors are very massive stars
(e.g., Tho¨ne et al 2015, Leloudas et al 2015b), but this interpretation is also
questioned (e.g., Perley et al 2016). SLSNe Ic are often found in interacting
9galaxies where the star formation can be triggered by the interaction (e.g.,
Chen et al 2017a, Cikota et al 2017). SLSNe Ic may prefer metal-poorer
environments than long GRBs (e.g., Schulze et al 2018). However, the dif-
ferences between SLSNe Ic and long GRB host environments are not yet
clear (e.g., Lunnan et al 2014, 2015, Angus et al 2016, Japelj et al 2016).
A SLSN Ic SN 2017egm has appeared in a nearby spiral galaxy that has a
high metallicity (Bose et al 2018, Nicholl et al 2017a) but the SN location
itself may have low metallicity (Izzo et al 2018, but see also Chen et al
2017b).
An interesting relation between the host metallicities and the spin pe-
riods of magnetars required to fit the LCs of SLSNe Ic has been suggested
by Chen et al (2017c). This relation may simply come from the relation
between the host metallicities and total radiated energy in SLSNe Ic, be-
cause the spin periods in the magnetar model represent the total available
energy to power SLSNe (Section 5). The suggested relation is still based
on a small number of SLSNe Ic and it needs to be studied more. Recent
follow-up studies based on larger SLSN samples infer that the relation may
not be as strong as originally suggested (Nicholl et al 2017b, De Cia et al
2017).
3 56Ni-powered models
The standard source of early luminosity in SNe is the nuclear decay of
56Ni. The simplest approach to explain the huge luminosities of SLSNe is
to increase the amount of 56Ni. 56Ni decays to 56Co with a decay time of
8.76 ± 0.01 days (da Cruz et al 1992) and then 56Co decays to 56Fe with
a decay time of 111.42 ± 0.04 days (Funck et al 1992). The total available
energy from the nuclear decay is
[
6.48 exp
(
−
t
8.76 days
)
+ 1.44 exp
(
−
t
111.42 days
)]
M56Ni
M⊙
1043erg s−1,
(1)
whereM56Ni is the total mass of
56Ni available at the beginning (Nadyozhin
1994, but updated based on http://www.nndc.bnl.gov/chart). However,
all the available energy from the decay is not necessarily absorbed by the
SN ejecta to heat them up. All the decay energy of 56Ni and about 97% of
the decay energy of 56Co are released in the form of γ-rays. The released
γ-rays travel in the ejecta and some fraction is absorbed by the ejecta and
heats them up. The effective γ-ray opacity is 0.027 cm2 g−1 (Axelrod 1980).
The remaining 3% of the 56Co decay energy is released as positrons that
can be all absorbed in situ by the ejecta to heat them up. During the early
phases when the ejecta are dense, most γ-rays can be absorbed. However, in
the nebular phases when the ejecta are optically thin, a proper treatment of
the γ-ray transport is needed to estimate the expected luminosity. Because
heating by the 56Ni decay is a standard way to power SNe, we refer to a
standard text such as Arnett (1996) for further details of the SN properties
powered by 56Ni decay.
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The required 56Ni masses to explain the peak luminosity of SLSNe are
5− 20 M⊙ (e.g., Nicholl et al 2015a). There are several suggested ways to
make such a large amount of 56Ni. One is the very energetic explosions of
massive stars. Umeda and Nomoto (2008) investigated the explosive nucle-
osynthesis of very massive stars up to the zero-age main-sequence (ZAMS)
mass of 100 M⊙ with Z⊙/200. They show that more than 5M⊙ of
56Ni can
be produced in massive cores if the explosion energy exceeds 1052 erg. To
produce more than 10 M⊙ of
56Ni, which is often required to reproduce the
SLSN LCs, an unrealistically high explosion energy of 1053 erg is required.
Relatively faint SLSNe requiring ∼ 5 M⊙ of
56Ni, like SN 2007bi, may be
explained by the energetic core-collapse explosions of very massive stars
(Young et al 2010, Moriya et al 2010).
A promising mechanism to synthesize more than 10 M⊙ of
56Ni in
massive stars is through pair-instability (e.g., Rakavy and Shaviv 1967,
Barkat et al 1967). If a star has a core that is massive enough, photons in
the stellar core can be efficiently converted to electron and positron pairs
and the center of the star can suffer a strong reduction in radiative pressure
supporting the massive core. The reduction of the pressure support triggers
the contraction of the massive core by making the adiabatic index below 4/3
and leads to explosive carbon and oxygen burning. If the energy released
by the explosive nuclear burning is enough to unbind the whole star, it can
explode without leaving any compact remnant. This kind of explosion is
called pair-instability SN (PISN). The amount of 56Ni produced in PISNe
strongly depends on the core mass of the progenitor and it ranges from
almost zero to ∼ 50 M⊙ (e.g., Heger and Woosley 2002, Takahashi et al
2016). PISNe can occur if helium cores of massive stars are between ∼
65 M⊙ and ∼ 135 M⊙ which corresponds to ZAMS masses between ∼
150 M⊙ and ∼ 250 M⊙ at zero metallicity (e.g., Heger and Woosley 2002).
The ZAMS mass can be as low as 65 M⊙ if massive stars rotate rapidly
(e.g., Chatzopoulos and Wheeler 2012, Yusof et al 2013). The rapid rota-
tion also helps PISN progenitors to remove their hydrogen through quasi-
chemically homogeneous evolution (e.g., Yoon et al 2012). It is interest-
ing to note that most PISN candidates are hydrogen-free SLSNe (but see
Terreran et al 2017), although hydrogen-rich PISNe can also be very lumi-
nous (e.g., Kasen et al 2011). The surface instability of red supergiant PISN
progenitors can also help reduce the amount of hydrogen in their explosions
(Moriya and Langer 2015). PISNe are considered to exist in environments
with metallicities less than ∼ Z⊙/3 (e.g., Langer et al 2007), but they may
exist even in a solar-metallicity environment if magnetic fields of massive
stars can suppress their mass loss (Georgy et al 2017).
Predicted LCs of PISNe (e.g., Scannapieco et al 2005, Kasen et al 2011,
Dessart et al 2013, Whalen et al 2014, Kozyreva et al 2014, Chatzopoulos et al
2015) are roughly consistent with those of slowly-declining SLSNe I whose
late-phase decline rates are consistent with the 56Co nuclear decay rate.
PISNe tend to have large rise times compared to SLSNe I but some PISN
models are consistent with the relatively short rise times of SLSNe Ic (e.g.,
Kozyreva et al 2017). The internal mixing of PISNe can help reduce their
rise times as well (e.g., Kozyreva and Blinnikov 2015) but multidimensional
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simulations of PISN explosions generally do not find strong mixing in them
(Joggerst and Whalen 2011, Chen et al 2014, Gilmer et al 2017). Crucial
issues of PISN models for SLSNe Ic are in their spectroscopic properties.
Although PISNe produce a huge amount of 56Ni, it is not sufficient to heat
the massive core as much as observed (e.g., Dessart et al 2012). The produc-
tion of a large amount of 56Ni also leads to the existence of a large amount
of Fe-group elements in the ejecta. The absorptions and emissions by the
Fe-group elements results in much redder spectra than those observed in
SLSN Ic (e.g., Dessart et al 2012, Jerkstrand et al 2016).
Finally, we summarize pros and cons of the 56Ni-powered models.
Pros:
– 56Ni power can naturally explain the decay rate of slowly declining
SLSNe Ic.
Cons:
– 56Ni power cannot explain the rapidly declining SLSNe Ic. A different
model must be invoked for the rapidly declining SLSNe Ic.
– Spectra of SLSNe Ic do not match those predicted for 56Ni-powered SNe.
4 Interaction-powered models
Interaction of the gas ejected during a SN explosion with an ambient
medium is a process that happens quite often at different stages of SN
evolution. Interaction leads to shock wave formation, and shocks very effi-
ciently transform the kinetic energy to thermal energy, which can be then
radiated at different wavelengths (Chevalier and Fransson 2003). The stage
of SN evolution at which significant interaction starts depends on the den-
sity of the CSM. If the ejecta expand into low density material, the interac-
tion becomes important at the SN remnant stage, a few tens, hundreds, or
even thousands of years after the SN explosion. Up to this age, the ejecta
are cold and faint, but the shock interaction with the surrounding material
heats it up again (Reynolds 2016). In the case of a dense CSM, the interac-
tion occurs already on the SN stage (e.g., for SNe of Type IIn, see Chandra
2018). The SN becomes more luminous than a normal one exploded in lower
density surroundings.
In the case of SLSNe, the radiation energy emitted during the first few
months after the explosion is of the order of 1050–1051 ergs (Quimby et al
2011). The kinetic energy of a standard SN explosion is also ∼ 1051 ergs.
Naked SNe preserve almost all their kinetic energy until the remnant stage,
when a sufficient amount of ambient mass (comparable to the ejecta mass)
is swept up, and the interaction becomes important. If the ambient mass
is concentrated close to the exploding star, the interaction starts from the
very beginning and there is a good chance to transform the kinetic energy
of the ejecta to radiation during the first months, exactly as it is needed to
produce a SLSN event.
In this Section we first make crude estimates of some parameters of the
explosion in order to understand what kind of structure can produce such
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a powerful event as a SLSN in the CSM interaction scenario (Sect. 4.1).
Then we briefly discuss how the shock wave propagates through the dense
extended CSM (Sect. 4.2). After that we describe analytical and numerical
models for the SLSN light curves that originate from ejecta–CSM interac-
tion and discuss the progenitors that are able to provide the required CSM
structure (Sect. 4.3). Finally, we list pros and cons of the CSM interaction
scenario for SLSNe (Sect. 4.4).
4.1 Estimates of model parameters
Mass ratio mej/mCSM needed for SLSNe. In the CSM interaction scenario
for SLSNe, the expanding ejecta collide with the CS envelope that can be
static or expanding. Let us consider for simplicity an inelastic collision of
two blobs of matter. The first one, which represents the ejecta, has mass
m1 and momentum p1. Its kinetic energy is
Einit =
p1
2
2m1
. (2)
It collides with another blob with mass m2 and, for now, we suppose its
momentum to be zero. The final energy of two merged blobs in a fully
inelastic collision is
Efin =
p1
2
2(m1 +m2)
. (3)
The momentum is conserved, but the energy Einit − Efin is radiated away,
since Efin < Einit. If m2 ≪ m1 then only a tiny fraction of Einit is radiated,
but if m2 ≫ m1 then Efin ≪ Einit and almost all initial kinetic energy of
the system is radiated away.
The situation is a bit more complicated when the second blob, which
represents the CSM envelope, is not static at the time of the explosion,
but expands with a momentum p2. This is most probable for the case of
SLSNe I, because velocities higher than 10,000 km/s are observed for several
months starting from the maximum (Liu et al 2017b). The energy before
the interaction in this case is the sum of ejecta and CSM energies. In the
prescription of two blobs, that is the sum of the blobs’ energies:
Einit =
p1
2
2m1
+
p2
2
2m2
. (4)
After the inelastic interaction the kinetic energy of the system becomes
Efin =
(p1 + p2)
2
2(m1 +m2)
. (5)
So an amount of energy that can be thermalized during the interaction is
∆E = Einit − Efin =
(p1m2 − p2m1)
2
2m1m2(m1 +m2)
=
m1m2
2(m1 +m2)
(v1 − v2)
2. (6)
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Fig. 3 Energy losses relative to the initial kinetic energy of the system of two
inelastically colliding blobs.
Here v1 and v2 are velocities of the colliding blobs that represent, respec-
tively, the ejecta and the CSM envelope. Again, the important question is
how much of the total kinetic energy of the system can be lost to radiation,
because for the superluminous event this energy transformation must be
very effective. If we define µ = m1/m2 and β = v2/v1 then we get
∆E
Einit
=
µ(1− β)2
(µ+ 1)(µ+ β2).
(7)
It is clear that v1 > v2 (β < 1). Otherwise, the collision will never happen.
This means that the larger the difference between v1 and v2, the larger the
energy that can be radiated. For a few fixed values of β, the dependence
of ∆E/Einit on the mass ratio µ is shown in Fig. 3. When the CS envelope
is expanding (v2 > 0) the maximum losses happen not at m1 ∼ 0, but
at some finite mass. Still, m1 has to be noticeably lower than m2 for the
effective energy loss to happen. This means that the ejecta must be less
massive than the CS envelope for a SLSN event.
Typical radius. A crude estimate yields the photospheric radius Rph,
and, therefore, the typical size of the dense circumstellar envelope that can
provide the observed luminosity L of the SLSNe. For simplicity, assume
that the SLSN emits like a blackbody with a temperature Tbb. Then the
photospheric radius can be obtained from L = 4piR2phσT
4
bb. The typical
temperature measured for SLSNe is Tbb ≃ 10
4 K. The order of magnitude
estimate of the luminosity is L ≃ 1044 erg/s. Hence, the radius is roughly
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Rph = 4×10
15 cm, which is about an order of magnitude larger than typical
photospheric radii of standard SNe near maximum light.
Ginzburg and Balberg (2012) in their simple numerical hydrodynamic
diffusion model got a similar value for the CSM radius (of order 1015 cm),
and also stated that the masses of the ejecta and the CSM involved into the
interaction must be comparable for the effective transformation of energy
into radiation. As we see from the Fig. 3, a smaller ejecta-to-CSM mass
ratio is even better.
4.2 Hydrodynamical properties
Shock propagation through the optically thick extended CSM. The shock
waves produced at the ejecta-CSM interaction are initially radiation-dom-
inated. The photons behind the shock bear a large amount of energy com-
pared to the gas energy. The photons are locked within the CSM and heat it
up making the shock front wider. Precursor heating extends to the optical
depth τ = c/vs from the shock front, where vs is a shock velocity. When
it reaches the outer edge of the CSM, the photons that were heated on
the shock start to gradually leave the system. The shock begins to break
out. Due to the large size of the system the breakout stage lasts much
longer than it does for standard SN Ib/c. In the latter case, R < 10 R⊙
and the shock breaks out for less than R/vs ∼ 200 s, while in the case of
CSM-interacting SLSN with typical R ∼ 105 R⊙, the shock breakout time
is proportionally larger and lasts a few months. On the whole the light
curve of the SLSNe in the CSM-interaction scenario can be considered as
a prolonged shock breakout. At some stage the shock can become strongly
radiative. The temperature jump at the shock almost disappears, and the
shock becomes almost isothermal. In this case, the density can jump up by
a few orders of magnitude, and a rather dense and thin layer forms behind
the shock. A very detailed study of the structure of the SN shocks is pro-
vided by Weaver (1976). More details are presented in Tolstov et al (2015).
The basic formulas can be found in Blinnikov (2016).
Fig. 4 shows the results of a numerical calculation of the ejecta-CSM
interaction for one of the SLSN models that demonstrates how the radiative
shock propagates throughout the dense extended CSM and what happens
with the Rosseland optical depth (and therefore, photospheric radius) at
the same time. While the CS envelope is cool before the SN explosion, it
is transparent to the radiation, but when it becomes warm due to the pre-
heating by the photons from the shock, it quickly becomes optically thick
and strongly diffusive. The photosphere (τR ∼ 1) shifts to the outer edge of
the CSM. As a result, the shock is left deep inside the photosphere for a few
months. Conditions are not appropriate for hard emission at the early stages
despite the high velocity of the shock. But an ultraviolet flash, or perhaps
even an X-ray flash, can appear later, when the shock becomes weaker,
closer to the outer edge of the CS envelope. This can happen in the fading
stage of the light curve evolution. SCP 06F6 is a possible example of such a
SLSN originating from interaction due to the X-ray flash observed about 2
months after the maximum (Ga¨nsicke et al 2009). At the earlier stage, near
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Fig. 4 Evolution of radial profiles of the density (solid lines), velocity (in
108 cm s−1, dots), gas temperature (dashes), and Rosseland optical depth (dash-
dots) for the model N0 from Sorokina et al (2016). The scale for the density is on the
left Y axis, for all other quantities, on the right Y axis. Upper panel: pre-maximum
hydrodynamical structure for three moments, very soon after the explosion and at
days 4 and 25. Lower panel: the same parameters, but after maximum, at days 60,
80, and 151. Note that different scales for the axes are used on the upper and lower
panels.
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maximum, the temperature conditions are appropriate for strong emission
in the near UV range. Almost all SLSNe are relatively blue near maximum,
and the shock heating in the CSM interaction scenario reproduces the color
better then other mechanisms (Tolstov et al 2017b).
4.3 Light curves
Analytical models. Analytical methods to obtain rough estimates for the
interaction-powered SNe are available. In this review, we focus more on
numerical studies and we only briefly mention the analytic studies.
The dense CSM required to explain the large luminosity of SLSNe by the
interaction is optically thick and we need to take large optical depths of the
dense CSM into account in treating them analytically unlike the case of less
luminous Type IIn SNe (e.g., Chevalier and Fransson 2003, Moriya et al
2013b). When the CSM optical depth is large enough, the shock breakout
itself can occur in the dense CSM. Chevalier and Irwin (2011) provide a
simple analytic way to estimate the rise time and peak luminosities fol-
lowed by the shock breakout in the dense CSM. They show that the LC
features differ depending on where the shock breakout occurs in the dense
CSM. This method is extended to the case of non-steady mass loss by
Moriya and Tominaga (2012).
Chatzopoulos et al (2012, 2013) develop a semi-analytic approach to es-
timate the overall LC properties of the interaction-powered SNe that are
commonly used recently. Although it is a simple powerful method to esti-
mate the CSM properties, it is important to keep its limitation in mind.
The semi-analytic method is based on the formalism of Arnett (1980)
that assumes that the heating source is at the center of SNe. However,
the energy source of the interaction model is not located at the center.
It moves outwards as the shock progresses. Moreover, it can be situated
within a very thin layer, since gas between the forward and the reverse
shocks can cool down strongly. In this case, it is almost impossible to
spatially separate the emission from the two shocks, while the analytic
solution by Chatzopoulos et al (2012, 2013) takes the radiation of the for-
ward and the reverse shocks into account separately, which leads to an
inaccurate luminosity prediction. Indeed, the CSM configuration obtained
by the semi-analytic model has been shown to be inconsistent with those
found by numerical approaches (Moriya et al 2013a, Sorokina et al 2016).
Chatzopoulos et al (2013) study how to find the CSM configuration from
the semi-analytic model that better matches the numerical results.
Numerical modeling. Numerical modeling allows taking more physical
processes into account and simulating them in detail, so the results should
be more robust.
The interaction scenario is challenging for numerical modeling. A nu-
merical code must be able to resolve optically thick shocks. This is a rea-
son why the number of SLSN interaction models calculated up to now is
not very large. The very first numerical modeling of the SN ejecta inter-
action with the dense extended medium has been done by Grasberg et al
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(1971), Falk and Arnett (1977), Grasberg and Nadyozhin (1987). More re-
cently, most calculations were produced with the radiation hydrodynamic
code stella (Blinnikov et al 1998, 2006).
SLSNe II.Hydrogen-rich SLSNe are spectroscopically similar to SNe IIn,
and therefore, their origin from the interaction of SN ejecta with slowly
expanding dense CSM is the most probable scenario. To provide the high
luminosity of SLSN, the CSM is expected to be sufficiently more massive
than for SN II case.
Woosley et al (2007) suggest a pulsational pair instability (PPI) scenario
for the last stage of the pre-SN evolution, which leads to the formation of
the required density structure. PPI can happen for stars with an initial
main-sequence mass 95–130 M⊙, or, more certain, with a helium-core mass
40–60 M⊙. Near the end of their lives, when the central temperature exceeds
109 K, such stars lose stability through electron-positron pair creation. Ex-
plosive oxygen burning in the cores of these stars cannot unbind the whole
star, but leads to the ejection of a very massive envelope with large kinetic
energy. The remaining stellar core contracts, and some time later, when
the central temperature again becomes high enough for pair creation, an-
other ejection happens. The process repeats until the stellar mass becomes
too low for the pair instability, and the core finally collapses due to iron
dissociation.
As a result of the PPI scenario, the final core collapse happens inside
the system of the massive expanding shells. Collision of these shells, as well
as of the final ejecta with shells, can lead to a very bright event, as observed
for the SLSNe.
Woosley (2017) presents a wider study of the models of the stellar evolu-
tion exploding as PPISNe. He concludes that no solar metallicity star ends
up as PPISN since it loses too much mass through the wind, while stars
with the metallicity Z/Z⊙ < 0.1 can lead to this end. For SLSNe II, whose
host galaxies have metallicities in a wide range, including high-metallicity
objects (Perley et al 2016), this means that the PPI explosion mechanism
is not so likely to explain all these events, though more study of PPI is
still required. At the same time, PPI may be promising to explain SLSNe I,
since they prefer low-metallicity galaxies and their photospheric velocities
are much larger than what more standard stellar mass loss mechanism can
provide.
Woosley et al (2007) apply the PPI scenario to one of the first SLSN II,
namely, SN 2006gy. They found that the collisions of two subsequent mass
ejections of about 25 M⊙ and 5 M⊙, separated in time by less than 7 years,
with a total energy of about 3×1051 ergs, provides a good fit to the observed
light curve of SN 2006gy.
Moriya et al (2013a) studied a large number of toy models for the collid-
ing ejections and found slightly different parameters for the best-fit model
for SN 2006gy. Both ejections contain a mass of about 15 M⊙ (the second
one could be lighter), and their kinetic energy is 4×1051 ergs, which is only
a little larger than the energy of normal SNe. The influence of the density
distribution on the light curve is also studied, which showed that the first
ejection could not be formed by a steady wind.
18
N0  
Fig. 5 The narrow light curve of SN 2010gx (left, Pastorello et al 2010) and the
broad one of PTF09cnd (right, Quimby et al 2011) in different filters. Observations
are shown with dots, calculations (Sorokina et al 2016) with lines. Solid and dashed
lines in the right plot mean different composition:solid lines correspond to the model
B0 with the outer envelope containing 90% carbon and 10% oxygen, dashed lines
correspond to the model B6 similar to B0, but roughly half of C and O in the outer
envelope is replaced with He.
Despite a slightly different estimate of the ejection parameters, both
Woosley et al (2007) and Moriya et al (2013a) converge on the conclusion
that two subsequent ejections of a mass of a few tens solar mass with
an energy close to the typical one for SN explosions within a few years
can easily lead to the very high luminosities typical for SLSNe. Similar
results are obtained by Dessart et al (2015) and Vlasis et al (2016), who
also investigate aspherical CSM configurations.
SLSNe I. In the modeling of hydrogen-poor SLSNe, one more parameter
appears in addition to those that are important for hydrogen-rich events.
It is the chemical composition of the ejecta and the CSM. There are sev-
eral observational hints for choosing the correct composition for numerical
modeling of SLSN I light curves and spectra. Observationally, strong broad
oxygen lines are typical for SLSNe I from the very beginning, but very few
SLSNe I have helium lines in their nebular spectra. So the observations fa-
vor a CO composition for the ejecta and CSM. Numerical modeling of the
multicolor broad-band light curves (Sorokina et al 2016) is in agreement
with the observations from this point of view. The presence of helium leads
the light curve to rise much longer than observed, while a CO composition
results in a faster rise. This difference is explained by different opacities
for CO and He. CO material requires a lower temperature for excitation
and ionization, so the carbon-oxygen CSM becomes opaque soon after the
shock starts to heat the CSM gas in front of it. Helium needs a higher tem-
perature to become opaque, and it takes a longer time. Some amount of
helium can be mixed with the CO gas. The light curve is not much changed
when carbon and oxygen are the main absorbers. The photometric colors
near maximum help determine the proportions of C to O, since these ele-
ments have different spectral line distributions. Oxygen is more absorptive
in the blue, and it shifts the larger part of the emission to this wavelength
range. The modeling by Sorokina et al (2016) shows that models with a
C to O ratio from 0.7 to 0.9 show the best fit to the observations of the
narrow and the broad SLSN I light curves, respectively. The light curves
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are shown in Fig. 5, and demonstrate how the pure ejecta–CSM interaction
scenario, without any radioactive material, can reproduce the emission of
SLSNe I. The masses and energies of the models are similar to those needed
for SLSNe II. A fast evolving SLSN I can be reproduced by the interaction
with about 10 M⊙ CS envelope, while for slowly fading events, a few tens
M⊙ of hydrogen-poor material is needed. The explosion energy in any case
is a few 1051 erg.
Bumpy light curves. Light curves of some SLSNe I show some undula-
tions on the fading part (Inserra et al 2017). The CSM interaction scenario
explains this in the most natural way: each bump on the light curve can
denote the collision of CSM layers or the SN ejecta with a CSM layer. If
the progenitor star experiences several episodes of massive ejection before
the final collapse as it can happen in the PPI mechanism, then several col-
lisions of CSM layers could be later observed as bumps on the SLSN light
curve. In the spectra of the SLSNe I with the most undulating light curves,
hydrogen lines appear at a late stage (Yan et al 2017a). This also can be
considered as a proof for the CSM interaction scenario for some SLSNe I.
Initially the luminosity of the SLSN is explained by the collision of the in-
nermost hydrogen-free layers, while the outer layers that can contain some
hydrogen are cold and transparent. Later, the inner hydrogen-poor layers,
that are faster, reach the hydrogen-rich one, heat it, and the hydrogen lines
appear in the spectrum.
The origin of the early pre-maximum luminosity excess that is observed
in many SLSNe I is more questionable. Moriya and Maeda (2012) qualita-
tively explain the possible origin of this excess by heating of a detached CS
envelope. Its opacity is enhanced after ionization leading to a temporary
decrease in luminosity before a rise to the main maximum. More detailed
numerical modeling is needed for this mechanism. Some other explanations
of the pre-maximum excess are described in Sect. 6.
4.4 Pros and cons for the interaction scenario
Summarizing the above material, we point out the strengths and weaknesses
of the CSM interaction model for SLSNe.
The interaction scenario for SLSNe is favored due to the following rea-
sons:
– SLSNe II are spectrally very similar to SNe IIn that are explained by
CSM-ejecta interaction. For a more massive CSM, a more luminous (and
superluminous) SN is expected.
– SLSN I light curves with a wide range of rising and fading timescales
can quite easily be modeled by the interaction with a CSM of different
mass. The larger the light curve timescale, the more massive CSM is
needed. Only the widest light curves are problematic for modeling with
interaction.
– The undulation on the fading part of the light curve is most naturally
explained by a sequence of collisions of several CSM envelopes or clouds.
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– Measuring masses of different elements from the nebular spectra of
SLSNe (Jerkstrand et al 2017), energetics of these events, and other
observational properties show that SLSNe originate from massive stars.
Mass loss is typical for these objects (Vink 2015). In this sense, some
kind of CSM interaction is unavoidable after the SN explosion. However,
the amount of such material must be very large to provide the strong
interaction that is required to explain the SLSN phenomenon.
The last item from the list above takes us to the list of difficulties that
still remain for the interaction mechanism.
– At least a few solar masses must be lost by a SLSN progenitor during
a few months before the explosion to explain the brightness and the
duration of the SLSN events. Although this is not impossible from the
stellar evolution point of view, there is no detailed understanding of the
very last stages of stellar life yet, neither theoretical, nor observational.
The required CSM mass is comparable to observed mass-loss rates only
from luminous blue variables (LBVs) in outburst (Smith et al 2011). For
the metal-poor stars that are able to preserve considerable mass without
losing it through a steady wind till the end of their evolution, eruptive
mass loss with the ejection of several solar masses of gas prior to the
explosion could be very important (Smith and Owocki 2006). Anyway,
a detailed mechanism for the LBV eruptions is still unknown, as well as
the details of the mass loss by the PPI mechanism. It is not, of course,
an argument against the origin of SLSNe from CSM interaction, but
this topic still requires both theoretical and observational efforts.
– High photospheric velocities (10,000 – 20,000 km/s) are measured in
SLSNe I for about a month from maximum. Existing numerical interac-
tion models do not reproduce these velocities. But an explosion energy
only a little larger than standard has been considered in modeling. En-
hancing the explosion energy up to a few 1052 erg and the kinetic energy
of the CSM expansion to about 1051 erg can improve the situation. How-
ever, this energetic model would bring another problem: such energetic
explosions must be separated in time longer than needed for getting
a strong interaction because the stronger an eruptive mass ejection is,
the longer time is needed for the star to reach the instability condi-
tions for the next explosion or eruption. For example, an estimate of the
time intervals between the eruptions for the PPI model can be found in
Woosley (2017).
– The slowest (i.e., widest) observed SLSN I light curves together with
high velocities are extremely difficult to explain solely by CSM interac-
tion. In this case a combination of energy sources, like CSM interaction
for the maximum plus radioactivity for the tail similar to what has been
done in Tolstov et al (2017a,b), is more promising.
Detailed numerical modeling for an extended set of explosion parame-
ters is still needed to understand the applicability of the CSM interaction
model to the SLSNe, especially for the hydrogen-poor ones. Not only the
light curves must be fitted, but also the spectra. PPI seems to be the best
mechanism for making a CSM density and velocity structure that would
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lead to a SLSN event after the interaction with the SN ejecta. But PPI it-
self must be better studied in order to understand the limitations it places
on the CSM structure.
5 Magnetar-powered models
The view that pulsars could play a role in powering supernovae was pro-
posed soon after the discovery of pulsars. Ostriker and Gunn (1971) pro-
posed that the spin-down of a central pulsar could power both the supernova
explosion and the light from the supernova. In this model, the pulsar cre-
ates a bubble of relativistic fluid that sweeps up and then accelerates the
surrounding star. However, this model was not found to be in accord with
supernova observations. The current prevailing model is that the power for
the supernova is injected over a short period of time (seconds) and the pul-
sar bubble then evolves in the freely expanding ejecta set up by the initial
explosion. This model was proposed for the Crab Nebula and other young
pulsar wind nebulae (Chevalier 1977) and for the light from supernovae
(Gaffet 1977). Generally, the light from core collapse supernovae does not
require power input from a pulsar, and can be explained by a combination
of initial explosion energy, radioactivity, and possible circumstellar interac-
tion. However, the supernova SN 2005bf showed two broad peaks, imply-
ing the operation of some additional mechanism in addition to the usual.
Maeda et al (2007) suggested that power from pulsar spin-down could be
the source of the additional power. The observed luminosity and timescale
required a highly magnetized pulsar (> 1014 G), or magnetar, with an ini-
tial spin period in the ms range. Kasen and Bildsten (2010) and Woosley
(2010) found that similar parameters could explain the timescale and lumi-
nosity of SLSNe, and this has become one of the leading contenders for the
light from SLSNe. Here we discuss the basic magnetar model, giving some
of the uncertainties of the model. We primarily deal with simplified models
that illustrate the physical principles.
The initial central explosion is assumed to occur on a timescale of sec-
onds, followed by shock traversal of the star and the ejecta transition to
free expansion on a timescale of the doubling of the radius. At that point,
the velocity profile is given by v = r/t. The density profile for the ex-
panding gas can be approximated as a steep power law with radius at
large radii and a flat power law at small radii (Chevalier and Soker 1989,
Matzner and McKee 1999). We have the inner power law ρin ∝ t
−3(r/t)−δ
and outer ρout ∝ t
−3(r/t)−n. Here, we take δ = 0. The transition velocity
between the inner and outer density profiles is
vtr =
[
10(n− 5)
3(n− 3)
Es
Mej
]1/2
. (8)
For n = 7, we have vtr = 4080E
1/2
51 M
−1/2
5 km s
−1, where E51 is Es in units
of 1051 ergs and M5 is Mej in units of 5 M⊙, where Es is the supernova
energy and Mej is the ejecta mass. The value of Es is generally taken to be
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1× 1051 ergs, which is a value that is obtained for cases where the energy
is well determined.
The newly formed rapidly rotating neutron star is assumed to drive a
supersonic/superAlfvenic wind, powered by the spin-down of the neutron
star. The details of how the transition is made from an accreting neutron
star to a pulsar wind are not known. A plausible estimate for the spin-down
power is the result for a force-free magnetic field (Spitkovsky 2006)
E˙ ≈
µ2Ω4
c3
(
1 + sin2 α
)
, (9)
where µ = BR3 is the magnetic dipole moment, Ω = 2pi/P is the spin
frequency, α is the angle between the magnetic and rotation axes, B is the
dipole field at the neutron star surface, and R is the neutron star radius.
Here, R is taken to be 10 km. The neutron star rotational energy is E =
1
2IΩ
2 where I is the neutron star moment of inertia, taken to be 1× 1045
gm cm2. The initial spin-down time is
tsd =
E0
E˙0
= 0.14
(
P0
ms
)2(
Bp
1014G
)−2
day, (10)
where the subscript 0 refers to the time t = 0. The evolution of the spin-
down power is given by
E˙ = E˙0
(
1 +
t
tsd
)−2
. (11)
The structure of pulsar magnetospheres is not a fully solved problem;
there are other possibilities for the spin-down. For the vacuum magnetic
dipole case
E˙vac =
2µ2Ω4
3c3
sin2 α. (12)
In the force free case, there is spin-down for an aligned rotator, but not in
the vacuum case.
More generally, the evolution of the spin of a pulsar is often taken to be
of the form
Ω˙ ∝ −Ωm (13)
where m is the braking index. The value of m for the magnetic dipole case
is 3 and the constant of proportionality in that case can be related to the
neutron star moment of inertia and magnetic field, as discussed above. The
value of m can be determined from observations by m = Ω¨Ω/Ω˙2. The
power from the spin-down with constant m is
E˙ = E˙0
(
1 +
t
τ
)−(m+1)/(m−1)
, (14)
where τ is a spindown timescale that cannot now be written simply in terms
of the magnetic field. Measured values of m for ordinary pulsars are < 3.
For PSR J1119–6127, m = 2.91, close to the magnetic dipole value. Other
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values are lower; the long term value is m = 2.34 for the Crab Pulsar and
1.7 for the Vela pulsar (Espinoza et al 2017). Possible reasons for deviations
from the magnetic dipole value are evolution of the neutron star moment of
inertia or magnetic field, or a more complex magnetic configuration than a
dipole. These considerations show that pulsars generally do not follow the
magnetic dipole spin-down and the late evolution of E˙ (at t≫ τ ) is steeper
than in the force-free dipole case; for the case of the Vela pulsar, E˙ ∝ t−3.9
at late times. The parameters for the rapidly rotating magnetars of interest
here are quite different from the ordinary pulsars, but these objects show
that pulsar spin-down can deviate from the force-free dipole case.
We next consider the evolution of the pulsar bubble on the assumption
of adiabatic motion. In the case of a pulsar wind nebula, the shocked pulsar
wind of relativistic particles and magnetic field can be approximated by a
γ = 4/3 fluid, where γ is the adiabatic index. For the relatively young SLSN
case, the assumption is that the pulsar power thermalizes so the radiation
field is the dominant energy density. Again, an initial value γ = 4/3 is
appropriate. If spherical symmetry is assumed, the expansion of the pulsar
bubble can be found in the thin shell approximation. Even if the outer shock
wave is not radiative, the swept up shell is thin. If the pulsar provides
a steady power E˙, the radius of the swept up shell is (Chevalier 1977,
Blondin et al 2001)
Rs = 1.50
(
n
n− 5
)1/5(
n− 5
n− 3
)1/2(
E3s E˙
2
M5ej
)1/10
t6/5, (15)
where the thin shell approximation has been made. We have
ttr =
66(n− 5)
25n
Es
E˙
, (16)
where ttr is the time for the shell to reach the inflection point in the super-
nova density profile. Approximating E˙ = E/tsd for a time tsd, we have
ttr = 0.19B
−2
14 P
4
msE51 day. (17)
Once the shell has traveled through the flat part of the supernova den-
sity profile, it comes into the steep power law part of the density profile.
The mass added from the outer ejecta is negligible compared to that in
the shell and, for 1-dimensional (1-D) expansion, the evolution of the shell
radius goes to ∝ t1.5 as in the solution of Ostriker and Gunn (1971). This
is another self-similar solution.
The acceleration of the shell by the hot bubble is subject to Rayleigh-
Taylor instability (RTI). The action of the RTI while the shell is in the flat
part of the ejecta density profile has been well studied (Porth et al 2014,
Bucciantini et al 2004). Despite the growth of instabilities, the instability
saturates and the flow remains self-similar; the outer shock front has a
radius that is 7% larger than in the 1-D solution (Blondin and Chevalier
2017). Most of the swept up mass is in the shell, although there is also some
matter that is in fingers that extend in towards the neutron star. The RT
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fingers have relatively little effect on the termination shock of the pulsar
wind. Global simulations including a magnetic field show qualitatively sim-
ilar properties, although the Kelvin-Helmholtz instability is suppressed on
small scales.
Once the shell reaches the transition point in the density profile, there is
a qualitative change in the evolution. The preshock ejecta are unable to con-
tain the pressure of the shocked wind bubble (Chevalier 2005) and the bub-
ble matter blows out through the shell (Chen et al 2016, Suzuki and Maeda
2017, Blondin and Chevalier 2017). Channels form in the swept up ejecta
through which matter from the inner wind bubble flows. Suzuki and Maeda
(2017) used a special relativistic code, allowing for a relativistic pulsar wind
that shocked and slowed on passing through the termination shock. When
the gas was able to escape through channels, relativistic velocities were
again attained.
The power provided by the magnetar initially comes out in a relativistic
wind of particles and Poynting flux. Assumptions must be made about the
fraction of the wind power that goes into thermal radiation field. There
might also be some fraction that remains in nonthermal form. The mecha-
nisms giving rise to thermalization are not well understood.
Standard models for calculating the light curves of SLSNe I (Chatzopoulos et al
2012, Inserra et al 2013, Nicholl et al 2017b) have been proposed based on
the formalism developed by Arnett (1980, 1982) for ordinary supernovae.
The model assumes that the supernova gas is homologously expanding and
is characterized by a constant opacity κ for the thermal radiation. The
emitted luminosity is
L(t) = 2e−(t/td)
2
∫ t
0
e(t
′/td)
2 t′
td
E˙(t′)
dt′
td
. (18)
where
td =
(
10κMej
3βvejc
)1/2
(19)
is a diffusion time that gives a characteristic timescale for the light curve,
vej is the velocity at the outer edge of the ejecta, and c is the speed of light.
Here, β is a constant that depends on the density distribution of the freely
expanding ejecta. We have ρej ∝ exp(1.723Ax), where A is a constant and
x = r/vejt. For uniform density ejecta (A = 0), β = 13.8 and for A = −1,
β = 13.4; β = 13.8 is typically chosen in magnetar models. As discussed
above, a fairly flat density distribution is a reasonable approximation for
the freely expanding ejecta in a core collapse supernova. However, in the
present case, the density distribution is strongly affected by the magnetar
wind nebula, causing some uncertainty in the model fits.
There is the assumption in equation (18) that the initial stellar radius is
much smaller than the supernova radius so that terms involving the initial
radius and thermal energy do not appear. The initial explosion energy is
lost to adiabatic expansion. Another assumption in equation (18) is that
all the pulsar power goes into the thermal radiation, but it may only be
some fraction f that is thermalized. There have been various suggestions
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on how nonthermal effects can be included. Kotera et al (2013) suggested
that a constant fraction of the pulsar power goes into the thermal radiation.
However, Wang et al (2015) noted that models using equation (18) fit the
observations at early times, but fall below the observations at late times.
They suggested that
f = 1− eBt
−2
, (20)
where
B =
3κγMej
4piv2ej
(21)
and κγ is the opacity for high energy photons. This expression has the prop-
erty that at early times, nonthermal photons are completely thermalized,
and at late times there is optically thin absorption of photons, assuming
that the absorbing material is uniform.
This model, or some variation on it, has been widely used in modeling
the light curves of SLSNe I. Different researchers make different assumption,
hindering the comparison of results. Nicholl et al (2017b) have analyzed the
light curves of 38 SLSNe I in a consistent way, using the radiative trans-
fer approximation of Arnett and the energetic photon escape of Wang et al
(2015). They assumed the vacuum magnetic dipole spindown for the pul-
sar power and made a blackbody assumption to obtain multi-color light
curves for the supernovae. A result of their model fitting is shown in Fig. 6.
The models fit the cases with a decline that mimics that of 56Co, like SN
2007bi. They deduce the following ranges (1-sigma) of parameters from
their models: initial period 1.2−4 ms, B = (0.2−1.8)×1014 G, and Mej =
(2.2 − 12.9) M⊙. Using similar methods, Liu et al (2017a) had previously
modeled 19 supernovae and obtained good fits for 14 objects. They found
parameter ranges: initial period 1.2− 8.3 ms, B = (0.2− 8.8)× 1014 G, and
Mej = 1−27.6M⊙. These results give some idea of the range of parameters
in present modeling. Yu et al (2017) also modeled 31 SLSNe similarly and
found parameter ranges of initial period 1.4− 12 ms, B = (0.5− 4.8)× 1014
G, and Mej = 0.5− 17.9 M⊙.
Most modeling efforts have concentrated on the supernova light curves,
but there has also been attention to the spectra of SLSNe. Dessart et al
(2012) calculated steady-state, 1-D, non-LTE spectral models with power
input from a magnetar. They found that the magnetar has important ef-
fects when the energy deposited by the magnetar becomes comparable to
the supernova energy. In this case, the spectrum is blue, in accord with
observations, and does not have the line-blanketing that occurs when the
power is produced by radioactivity. Broad lines can be produced, as ob-
served, if the ejecta mass is relatively small.
Bersten et al (2016) also went beyond the simple models in their light
curve models, using a 1-D, special relativistic, radiation hydrodynamics
code. They found that hydrodynamical modeling is especially important
when the deposited magnetar energy exceeds that of the initial supernova,
consistent with the arguments given above.
Although the magnetar model has had considerable success in repro-
ducing the light curves and spectra of SLSNe I, these results follow from a
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certain power supplied over a certain time and do not provide a “smoking
gun” for the magnetar model. There has been interest in whether some of
the detailed features of SLSN I observations require a magnetar. As noted
in Section 2.2, some SLSNe I show a precursor in the light curve before the
main peak. Kasen et al (2016) suggested that the precursor is emission from
the breakout of the shock wave driven by the pulsar wind bubble. However,
the power generated by the shell sweeping into the freely expanding ejecta is
small. In order to obtain a significant precursor, Kasen et al (2016) suggest
that only a fraction of the initial pulsar power is thermalized, reducing the
main peak relative to the shock breakout. Other suggestions for the pre-
cursor emission include circumstellar interaction (Moriya and Maeda 2012,
Piro 2015) or a highly energetic supernova (Nicholl et al 2015b).
Metzger et al (2014) have discussed the breakout of an ionization front
through the swept up shell. They assume that a substantial fraction of the
pulsar power goes into an ionizing spectrum radiated by energetic particles.
The ionization front is initially trapped in the shell but it is able to pene-
trate the shell as the column density of the shell declines due to expansion.
This breakout can occur within months of optical maximum under certain
conditions. Accounting for the Rayleigh-Taylor instability of the shell would
result in an earlier breakout if the pulsar wind evolves to this phase. The
ionization breakout theory was proposed in part to explain the luminous
X-ray emission observed from SCP 06F6 (Levan et al 2013). The complete
ionization of the shell allows the X-rays to escape. However, after the de-
tection with XMM, an observation with Chandra set a low upper limit on
X-rays from SCP 06F6, and X-ray observations of other SLSN have only
yielded upper limits (Margutti et al 2017).
There may be a connection between SLSNe and long gamma-ray bursts
(LGRBs). Both classes of objects occur in small, low metallicity galaxies.
An ultra-long GRB, GRB 111209A, has recently been observed along with
a bright supernova, SN 2011kl (Greiner et al 2015). Margalit et al (2018)
suggest that the two classes of objects have similar progenitors (rapidly ro-
tating neutron stars) and that the alignment between the spin axis and the
magnetic axis is what determines the relative amount of jet vs thermal emis-
sion. In this view, the aligned rotator case is expected to give strong jets.
The importance of jets in SLSNe is also discussed in, e.g., Soker and Gilkis
(2017), Gilkis et al (2016).
Although the magnetar model has attractive features, the case is not
yet settled. The multidimensional hydrodynamic models show that a com-
plex 3-D structure results from power input from an energetic magnetar
(Chen et al 2016, Suzuki and Maeda 2017, Blondin and Chevalier 2017).
Models that account for that structure are ultimately needed.
We summarize pros and cons of the magnetar-powered models.
Pros:
– The magnetar models can explain both the slowly declining and the
rapidly declining light curves of SLSNe Ic.
– The observed velocities and temperatures are roughly reproduced.
Cons:
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Fig. 6 Examples of magnetar-powered LCs fitted to SLSNe with different LC
evolution. The SLSN bolometric LCs are obtained from Nicholl et al (2016b). The
model LCs are calculated with a semi-analytic way based on Arnett (1982) as in
Inserra et al (2013). The magnetar spin down energy is assumed to be thermalized
with 100% efficiency. The magnetic field strengths and the spin periods in the
models are: 1014 G and 2 ms (SN 2015bn), 3.5 × 1014 G and 2.5 ms (LSQ12dlf),
and 7× 1014 G and 2.5 ms (SN 2011ke).
– The magnetar models have a number of free parameters. There is not a
“smoking gun” for the presence of magnetar power.
– The magnetar models do not naturally explain the bumps observed in
the light curves of some SLSNe.
6 Comparison
Here we compare the three major suggested mechanisms discussed so far.
SLSNe IIn show clear signatures of CSM interaction and their LCs and
spectra can be explained by the interaction-powered model (Section 4). We
here focus on SLSNe Ic whose luminosity sources are actively discussed
now.
6.1 Light curves
Both interaction-powered and magnetar-powered models can provide rea-
sonable fits to most SLSN Ic LCs with a proper choice of the model pa-
rameters. The 56Ni powered models fail to explain the rapidly declining
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SLSN Ic LCs as their late-phase luminosity evolution is governed by the
nuclear decay rate of 56Co which is rather slow.
Some SLSN Ic LCs show complicated structures that may prefer the
interaction model. For example, the LCs of iPTF15esb (Yan et al 2017a)
have two major peaks that are hard to explain with a single luminosity
source at the center and prefer the existence of a complicated dense CSM
structure. The “spiky” bolometric LC of SN 2017egm is also suggests an
interaction model (Wheeler et al 2017). The LC modulations observed in
some SLSNe Ic are also likely to indicate the existence of an outer energy
source like a dense CSM. Even if there is a major central power source
like a magnetar powering a SLSN Ic LC, some dense CSM that has a minor
contribution to the luminosity may also exist. A combination of central and
outer powering sources could better explain the general SLSN Ic LCs.
Multi-frequency studies of SLSNe Ic are helpful in distinguishing the
different powering mechanisms. For example, the magnetar model predicts
a late-phase increase in X-rays at the “ionization breakout” (Metzger et al
2014), while X-rays in the interaction model are expected in some cases after
the shock breakout stage that lasts a few months. Margutti et al (2017)
report their observational efforts to detect SLSNe in X-rays but only a few
detections are obtained so far and it is still hard to distinguish the powering
mechanisms in this way. Tolstov et al (2017b) recently suggested that the
ultraviolet luminosity could be better explained by the interaction model.
It is not totally clear yet if the ultraviolet luminosities are the decisive
distinguisher among the models, given the uncertainties in how magnetars
transform their spin energy to the surrounding ejecta. More studies are
required in this regard. No γ-ray detections from SLSNe could indicate
that the magnetic field strengths in the compact remnants of SLSNe are
much less than required to power the LCs (Renault-Tinacci et al 2017).
The precursors found in many SLSNe Ic are hard to explain with any
model. If the precursor is from the shock breakout, the progenitor radii
need to be more than 500 R⊙ with a reasonable assumption of the explosion
energy (Nicholl et al 2015b, Piro 2015). These huge radii are unexpected
in hydrogen-free progenitors and some mechanisms to make an extended
envelope are required. The 56Ni-powered model only has the central heating
source without much hydrodynamical effect and such extended envelopes
are necessary to explain the precursor.
The CSM interaction and magnetar models are able to explain the pre-
cursor without invoking the extremely extended progenitor for SLSNe Ic.
For the CSM interaction model, Moriya and Maeda (2012) illustrate that
the precursor bump can be naturally made by the ionization change in the
massive CSM to power the major LCs in SLSNe Ic. Regardless of the lu-
minosity source of the precursor, the precursor LC bump can be made by
the massive CSM required to explain the main peak of SLSN Ic LCs. In the
magnetar-powered model, so-called “magnetar shock breakout” can occur
in the ejecta, making a precursor on some occasions (Kasen et al 2016, see
also Section 5). When a huge magnetar rotational energy is released near
the center of an exploding star, another shock wave can be launched. If the
shock becomes strong enough to be a radiation-dominated shock, another
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shock breakout can occur when the shock reaches the surface of the ejecta
resulting in a precursor bump observed in SLSNe Ic. However, in 1D LC
simulations, the shock breakout bump is usually not clearly seen as observed
unless the central heating efficiency is artificially reduced (Kasen et al 2016,
Moriya et al 2016). More studies are needed to see if the magnetar shock
breakout can generally explain the precursors.
6.2 Spectra
Spectra of SLSNe Ic provides plenty of information to distinguish the pow-
ering mechanisms. The 56Ni-power model is generally less favored recently
because of the lack of strong Fe absorptions and emissions in SLSNe Ic
(e.g., Jerkstrand et al 2017, see also Section 3). The models with a central
engine like magnetars are generally found to match the spectra well (e.g.,
Mazzali et al 2016, Dessart et al 2012). SLSNe Ic do not show narrow fea-
tures that are found in less luminous Type Ib (e.g., Pastorello et al 2016)
and Type Ic (e.g., Ben-Ami et al 2014) SNe with strong CSM interactions.
There are some suggested mechanisms to hide the possible narrow lines in
the interacting SNe (e.g., Chevalier and Irwin 2011, Moriya and Tominaga
2012), but they may not generally occur. Spectral modeling is required to
judge if the lack of the narrow emissions in SLSNe Ic is consistent with the
interaction model.
Chen et al (2017a) performed a detailed spectral modeling of the Type Ic
SLSN LSQ14mo. They show that its line features did not change for a while
but the continuum significantly changed in the same period. The tempera-
ture deduced from the line features does not match that deduced from the
continuum for some period. In their interpretation, the continuum may be
affected by an external heating source like CSM interaction in addition to a
central heating source like a magnetar that is determining the temperature
of the line forming region in the SN ejecta. This indicates that more than a
single energy source is responsible for the LCs for all the periods. Different
powering sources could be contributing at the same time to power SLSNe.
Another example of this kind is Gaia16apd, which is suggested to be pow-
ered by a combination of CSM interaction and 56Ni heating (Tolstov et al
2017b). 56Ni heating may contribute to SLSNe IIn in addition to CSM inter-
action if a significant amount of 56Ni is produced, although CSM interaction
by itself can explain SN 2006gy (Miller et al 2010).
7 Other models
Several other ideas have been raised as the power sources of SLSNe. For
example, the fallback accretion onto the central compact remnant of the
exploding stars can potentially release a sufficient energy to power SLSNe
(Dexter and Kasen 2013). It is also suggested that a latent heat released by
the phase transition from neutron stars to quark stars is sufficient to power
SLSNe (e.g., Ouyed et al 2012).
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It is possible that not a single energy source is playing a role in powering
SLSNe. Two or more energy sources can provide heat sources at the same
time.
We also need to keep in mind the possibility that none of the energy
sources currently proposed are correct – a power source that is completely
missed so far may still exist.
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